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ABSTRACT
Baryonic streaming motions produced prior to the epoch of recombination became
supersonic during the cosmic dark ages. Various studies suggest that such streaming
velocities change the halo statistics and also influence the formation of Population
III stars. In this study, we aim to explore the impact of streaming velocities on the
formation of supermassive black holes at z > 10 via the direct collapse scenario. To
accomplish this goal, we perform cosmological large eddy simulations for two halos of
a few times 107 M⊙ with initial streaming velocities of 3, 6 and 9 km/s. These massive
primordial halos illuminated by the strong LymanWerner flux are the potential cradles
for the formation of direct collapse seed black holes. To study the evolution for longer
times, we employ sink particles and track the accretion for 10,000 years. Our findings
show that higher streaming velocities increase the circular velocities from about 14
km/s to 16 km/s. They also delay the collapse of halos for a few million years, but do
not have any significant impact on the halo properties such as turbulent energy, radial
velocity, density and accretion rates. Sink particles of about ∼ 105 M⊙ are formed
at the end of our simulations and no clear distribution of sink masses is observed in
the presence of streaming motions. It is further found that the impact of streaming
velocities is less severe in massive halos compared to the minihalos as reported in the
previous studies.
Key words: methods: numerical – cosmology: theory – early Universe – galaxies:
formation
1 INTRODUCTION
Baryonic acoustic oscillations prior to the epoch of recombi-
nation generated baryonic streaming motions of ∼ 30 km/s
(Tseliakhovich & Hirata 2010). During recombination, the
radiation dominated plasma transformed to neutral gas and
the sound speed dropped from relativistic to thermal veloci-
ties of 2×10−5c. The latter is smaller than the relative motion
of gas and dark matter particles. Consequently, the stream-
ing motions of baryons became supersonic with typical Mach
numbers of about 5. Such streaming velocities impede small
scale density perturbations, may lead to the suppression of
halo abundances and also enhance the bias and clustering of
the halos (Tseliakhovich & Hirata 2010; Dalal et al. 2010;
Maio et al. 2011; O’Leary & McQuinn 2012; Fialkov et al.
2012). This bulk motion may further move the baryons out
of the dark matter potentials. Their impact on the forma-
tion of supermassive black holes in massive primordial halos
remains unexplored.
Population III stars are the first sources of light to
be formed at the end of cosmic dark ages (Abel et al.
2000; Clark et al. 2011; Greif et al. 2012; Stacy et al. 2012;
Bovino et al. 2013; Latif et al. 2013c; Bovino et al. 2013).
The role of streaming velocities in the context of Population
III star formation in minihalos of 105−106 M⊙ has been stud-
ied by Stacy et al. (2011) and Greif et al. (2011), and they
found that typical streaming velocities of 3 km/s at z = 100
delay the formation of the first stars, and increase the virial
mass required for molecular hydrogen cooling to become ef-
fective. The enhanced mass for H2 cooling may influence
the statistics of minihalos and even the presence of higher
turbulent energy may reduce the masses of the first stars
by inducing fragmentation. In a recent study, Tanaka et al.
(2013) have found that streaming motions significantly re-
duce the number density of stellar seed black hole at z > 15,
while their overall impact on the formation of high-redshift
BHs is negligible. They have also proposed that streaming
velocities of 2-3 times the root mean square value could de-
lay the formation of stars in minihalos until the halo mass
reaches the threshold value for atomic cooling and may fur-
ther facilitate the formation of supermassive black holes by
the direct collapse (Tanaka & Li 2013). It is expected that
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streaming motions may enhance the turbulent accretion and
lead to higher seed black hole masses.
The existence of ∼ 109 M⊙ supermassive black holes
has been revealed from the observations of quasars
at z > 6 (Fan et al. 2003, 2006; Willott et al. 2010;
Mortlock et al. 2011; Venemans et al. 2013). How such
massive objects are assembled in the infant Universe
and what their potential progenitors are remains an
unfathomable conundrum. Numerous theoretical models
propose various pathways such as accretion and merg-
ing of stellar mass black holes (Haiman & Loeb 2001;
Haiman 2004; Tanaka & Haiman 2009; Whalen & Fryer
2012), run-away collapse of dense stellar cluster due
to the relativistic instability (Portegies Zwart et al.
2004; Omukai et al. 2008; Devecchi & Volonteri 2009)
and the direct collapse of a protogalactic gas cloud
(Oh & Haiman 2002; Bromm & Loeb 2003; Spaans & Silk
2006; Begelman et al. 2006; Lodato & Natarajan 2006;
Dijkstra et al. 2008; Djorgovski et al. 2008; Shang et al.
2010; Johnson et al. 2010; Schleicher et al. 2010; Latif et al.
2011; Prieto et al. 2013; Latif et al. 2013a,e; Whalen et al.
2013; Aykutalp et al. 2013; Spaans 2013; Latif et al. 2013).
The growth of stellar mass black holes is extremely chal-
lenging as they have to accrete at the Eddington limit
almost all the time to reach the observed masses. On the
other hand, the direct collapse model provides massive
seeds of 104−106 M⊙ which may grow at relatively moderate
accretion rates to form billion solar mass black holes.
Massive primordial halos of 107 − 108 M⊙ formed at
z = 15 and irradiated by the strong Lyman-Werner flux
are the potential cradles for the birth of supermassive black
holes forming via the direct collapse scenario. Such condi-
tions can be achieved in the early Universe and their oc-
currence is frequent enough to produce the observed num-
ber density of black holes (Dijkstra et al. 2008; Shang et al.
2010; Agarwal et al. 2012), see also Inayoshi & Omukai
(2012); Van Borm & Spaans (2013). Numerical simulations
studying the collapse of such halos show that fragmen-
tation remains suppressed in the presence of a strong
photo-dissociating background flux and massive objects are
likely to be formed (Bromm & Loeb 2003; Wise et al. 2008;
Regan & Haehnelt 2009; Latif et al. 2011, 2013a). In a re-
cent study, Latif et al. (2013e) have evolved the simulations
for 2×104 years after the initial collapse and have shown that
seed black holes of about 105 M⊙ are formed. This study fur-
ther demonstrates the feasibility of the direct collapse sce-
nario.
In this article, we explore the impact of baryonic stream-
ing velocities on the formation of seed black holes via the
direct collapse mechanism. To achieve this goal, we per-
form large eddy simulations (LES) with initial streaming
velocities of 30 × (z/1000) km/s. To further investigate the
role of large streaming velocities, we perform comparison
runs with streaming velocities of 60 × (z/1000) km/s and
90 × (z/1000) km/s. We make use of sink particles to fol-
low the accretion for longer times and employ a fixed Jeans
resolution of 32 cells during the entire course of the simula-
tions. This study allows us to investigate the role of baryonic
streaming motions in the assembling of seed black holes.
This paper is organized in the following way. In the
second section, we briefly summarize the simulations setup
and numerical methods employed. We present our results in
the third section and confer our conclusions in the fourth
section.
2 COMPUTATIONAL METHODS
The simulations presented here are performed using the open
source cosmological simulations code ENZO (O’Shea et al.
2004; The Enzo Collaboration et al. 2013) which is a paral-
lel, Eulerian, grid based, an adaptive mesh refinement code.
Our simulation setup is exactly the same as described in a
number of previous studies Latif et al. (2013e,a,b,d). Here,
we provide a brief summary of the simulations setup and
refer to the above mentioned articles for details. The sim-
ulations are started at z = 100 with cosmological initial
conditions and two nested refinement levels in addition to
the top grid are employed each with a resolution of 1283
cells. Our computational domain has a periodic box size
of 1 Mpc/h. We employ 15 dynamical refinement levels in
the central 62 kpc region during the course of simulations
and use fixed Jeans resolution of 32 cells. To simulate the
evolution of dark matter, we use 5767168 particles. After
reaching the maximum refinement level, we insert sink par-
ticles to follow the evolution for 10, 000 years. The details
of the sinks algorithm can be found in Wang et al. (2010).
We use standard parameters from the WMAP 7-year data
(Ωm = 0.23, Ωb = 0.045,Ωλ = 0.734 H0 = 71 kms−1Mpc−1)
with a value of σ8 = 0.8 (Jarosik et al. 2011). To follow the
thermal evolution, we solve the rate equations of the species
H, H+, He, He+, He++, e−, H−, H2, H+2 self-consistently along
with the cosmological simulations. We further presume that
a strong photo-dissociating background flux of strength 103
in the units of J21 = 10−21 erg cm−2 s−1 Hz−1 sr−1 is produced by
a star forming galaxy in the vicinity of the halo with a stel-
lar radiation temperature of 105 K. Indeed, such estimates
of the UV field strength are in accordance with previous
studies of Dijkstra et al. (2008) and Agarwal et al. (2012).
The effect of self-shielding is ignored in these calculations
which may raise the strength of the critical flux even further.
We use the subgrid scale turbulence model of Schmidt et al.
(2006) to include unresolved turbulent fluctuations. The
adaptively refined large eddy simulations (LES) approach
is used to implement subgrid scale (SGS) turbulence model
in AMR cosmological simulations (Maier et al. 2009). A de-
tailed discussion on this topic can be found in dedicated
studies (Schmidt et al. 2006, 2009; Latif et al. 2013a). Our
approach of implementing the streaming motions is the same
as in Greif et al. (2011). Additional constant streaming ve-
locities of 3, 6 and 9 km/s were added to each grid cell in
the x-direction at the start of our simulations (z=100).
3 MAIN RESULTS
In total, eight cosmological large eddy simulations are per-
formed for initial baryonic streaming velocities of 0, 3, 6
and 9 km/s for two distinct halos. The properties of the sim-
ulated halos such as masses, collapse redshifts and spins are
listed in table 1. They have typical masses of a few times
107 M⊙ and collapse redshifts of 10.8 and 13.5, respectively.
We have computed the circular velocity (also called cool-
ing threshold velocity) which is found to be a good measure
c© 2009 RAS, MNRAS 000, 1–??
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Figure 1. The circular velocities and delay in the collapse redshifts for halo A and B are shown in this figure. The circular velocity of
the halo (in the left panel) and the difference is the collapse redshift are shown for the streaming velocities of 0, 3, 6 and 9 km/s. Black
line represents halo A while green line stands for halo B.
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Figure 2. The properties of the halo A at its collapse redshift are shown here. The top two panel show the profiles of enclosed mass
and density. Turbulent energy and the ratio of rotational to circular velocity are depicted in the middle panel. The bottom panels show
the profiles of mass accretion rates and radial infall velocity. S0,S1,S2 and S3 represent the simulations with initial streaming velocities
of 0, 3, 6 and 9 km/s.
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Table 1. Properties of the simulated halos are listed here.
Model Collapse Mass Spin parameter Redshift Streaming velocity at z = 100 Circular velocity Sink mass
M⊙ λ z [km/s] [km/s] M⊙
A (s0) 4.2 × 107 0.0309765 10.83 0 14.78 1.7 × 105
A (s1) 4.04 × 107 0.0309765 10.83 3 14.73 8.7 × 104
A (s2) 5.05 × 107 0.0309765 10.76 6 16.35 2.1 × 105
A (s3) 5.3 × 107 0.0309765 10.739 9 16.54 1.7 × 105
B (s0) 4.6 × 107 0.0338661 13.51 0 15.78 1.7 × 105
B (s1) 5.2 × 107 0.0338661 12.93 3 16.4 8.4 × 104
B (s2) 5.3 × 107 0.0338661 13.01 6 16.54 7.7 × 104
B (s3) 5.45 × 107 0.0338661 13.0 9 16.60 1.3 × 105
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Figure 3. Density projections of the simulations at their collapse redshifts are shown for the runs with various streaming velocities.
Top panels show the morphology of halo A for the streaming velocities of 0-9 km/s (from left to right) and bottom panels show the
morphologies of halo B for the streaming velocities of 0-9 km/s (from left to right).
of the halo’s virial temperature (Fialkov et al. 2012) and is
plotted against the strength of streaming velocity in figure 1.
It is found that the cooling velocity increases with enhancing
the magnitude of initial streaming velocity. This trend is ob-
served for both halos and typical circular velocities are about
14.5 − 16.5 km/s. Streaming motions delay the infall of gas
into the dark matter potential and enhance the halo mass
which results in a higher circular velocity. We also computed
the delay in halo collapse redshift which is depicted in figure
1. We note that the difference in the collapse redshift for
zero and extreme streaming velocity cases is 0.1 and 0.5 for
our simulated halos. This delay is less significant compared
to the values reported for minihalos (Greif et al. 2011). This
comes from the fact that the gravitational potential of our
halos is much deeper and the halos retain their gas with a
short time delay of few million years.
The properties of the halo A as a representative case
at its collapse redshift are shown in figure 2 and compared
for different initial streaming velocities. The density de-
creases with radius and follows an R−2 behavior as expected
for an isothermal collapse. The maximum density is about
10−18 g/cm3. The specific turbulent energy is about 1012 erg/g
and the radial velocity is about 5 − 10 km/s which shows in-
fall of gas into the center of the halo. The average accretion
rate is about 0.1 M⊙/yr at larger radii and decreases down to
10−2 M⊙/yr in the Jeans length. The ratio of rotational to cir-
cular velocity is 0.3. The mass profile increases linearly with
radius as expected from an isothermal collapse and declines
sharply within the Jeans radius, where the density profile
becomes almost flat. No significant differences are observed
in the above mentioned quantities with and without stream-
ing motions.
The state of the simulations at their collapse redshifts is
represented by the density projections and is shown in figure
3. The maximum density is 10−18 g/cm3. The morphology of
the halo is slightly different for each case of streaming mo-
tions due to the different turbulence realizations in the halo.
We noticed that a monolithic collapse occurs and fragmenta-
tion remains suppressed. As mentioned in the previous sec-
tion, we evolved the simulations for 10,000 years by employ-
c© 2009 RAS, MNRAS 000, 1–??
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Figure 4. Same as figure 3 but at the final stage of simulations. Sink particles of the masses listed in the table 1 are overplotted on the
density projections.
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Figure 5. The properties of halo A at its final state are shown here. The top two panel show the profiles of enclosed mass and density.
Turbulent energy and the ratio of rotational to circular velocity are depicted in the middle panel. The bottom panels show the profiles of
mass accretion rates and radial infall velocity. S0,S1,S2 and S3 represent the simulations with initial streaming velocities of 0, 3, 6 and
9 km/s.
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Figure 6. The contribution of support terms for halo A with streaming velocities of zero (left) and 9 km/s (right). The local support
of thermal, turbulent and SGS is shown in this figure. The solid lines show the positive support of the quantities while dashed lines
represent the negative support. For the definitions of support terms see Schmidt et al. 2013.
ing sink particles after reaching the maximum refinement
level. Sink particles are overplotted on the density projec-
tions and are shown in figure 4. It is found that massive sinks
of about 105 M⊙ are formed and their masses are listed in
table 1 for the various initial streaming velocities. No clear
trend is observed in the masses of sinks for the cases with
streaming motions.
We also show the central properties of halo A for a
representative case at the final stage of the simulations in
figure 5. With the passage of time, turbulent energy is in-
creased by an order of magnitude. According to the Kol-
mogorov scaling, the turbulent energy should decrease to-
wards smaller radii for the homogenous turbulence but it is
enhanced in the core of the halo for our case. This is be-
cause of the higher turbulence production rate in the center
of halo mainly driven by the gravity. Such behavior reflects
the decreasing dynamical times and is noted in a number of
previous studies (Latif et al. 2013b,a,f). The ratio of vrot/vcir
is also enhanced to 0.6 which shows that the halos have a
high degree of rotational support. The latter may further
delay the accretion to the sink and may also slow down the
collapse, see Latif et al. (2013e). Overall, no significant dif-
ferences are observed in the halo properties after varying the
streaming velocities. We further investigated the contribu-
tions of local support terms which are computed by solving
the differential equation for the rate of compressions of the
gas (Schmidt et al. 2013). Support by thermal pressure, re-
solved turbulence and SGS turbulence scaled by the grav-
itational compression is shown for two representative cases
in figure 6. In general, it seems that turbulence support be-
comes important in the core of the halo and extends out
to radii of 10 pc. Particularly, support of SGS turbulence
becomes important in the core of the halo and yields rele-
vant contributions to the support against gravity. Overall,
no qualitative difference is found in the support terms for
the cases with and without streaming motions.
4 DISCUSSION
In all, we have performed eight cosmological large eddy sim-
ulations for two distinct halos to study the impact of bary-
onic streaming motions on the formation of supermassive
black holes via the direct collapse scenario. To accomplish
this goal, we introduced the baryonic streaming velocities of
3, 6 and 9 km/s in the x-direction at z = 100, and compared
the results with and without streaming motions. We added
15 dynamical refinement levels and a fixed Jeans resolution
of 32 cells during the entire course of simulations. We further
employed sink particles to follow the accretion on them for
10,000 years after reaching the maximum refinement level.
Our findings show that the threshold circular veloc-
ity which defines the minimum cooling mass of the halo
is about 14-16 km/s and gets enhanced in the presence of
large streaming velocities. The overall increase in the circu-
lar velocity is 1-2 km/s and less significant compared to the
minihalos. This is due to the fact that the halos in our simu-
lations have masses of a few times 107 M⊙, their gravitational
potentials are much deeper and can retain sufficient gas even
in the presence of baryonic streaming motions. We also no-
ticed that such an increase in the circular velocity delays
the collapse for a few million years. Again, in the minihalos
delay was ∆z = 4 and in our case it is about ∆z = 0.5.
Streaming velocities decay as 1+z, and their impact may
become more significant if such halos are formed at redshift
around 30. In this case, the energy ratio of streaming to
circular velocity (i.e., v2s/v
2
c) may increase by a factor of 4,
making their impact potentially more significant. Such halos
would thus correspond to high-sigma peaks, but the impact
is likely still reduced compared to minihalos.
No significant differences are found in the general prop-
erties of the halos such as density, radial velocity, turbu-
lent energy and accretion rates with and without bary-
onic motions. Sink particles have typical masses of 105 M⊙
and are potential candidates for the formation of super-
massive stars as an intermediate stage to supermassive
black holes (Schleicher et al. 2013; Hosokawa et al. 2012;
Ball et al. 2011; Johnson et al. 2013; Hosokawa et al. 2013).
The observational imprint of such stars can be probed
c© 2009 RAS, MNRAS 000, 1–??
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with upcoming telescopes such as JWST 1 and ATHENA+2
(Whalen et al. 2013, 2014). No systematic trend is observed
in the masses of sinks for streaming motions. We have ex-
plored here even the extreme cases with streaming velocities
of 6 and 9 km/s and their impact on the halo properties and
sink masses is negligible.
In a recent study Tanaka & Li (2013) have proposed
that extreme streaming velocities may facilitate the direct
collapse scenario by enhancing the critical mass for the col-
lapse to commence, suppressing the formation of stars and
consequently avoiding the metal enrichment. This study fur-
ther suggests that under such conditions there is no need of
background UV flux to quench H2 formation as the later can
be dissociated by the collisional shocks at higher densities.
This scenario requires additional mechanisms to suppress
the H2 cooling at higher densities. In a very recent work
Fernandez et al. (2014) have explored the feasibility of colli-
sional dissociation of molecular hydrogen in the presence of
shocks and found that it is very difficult to avoid the forma-
tion of H2 without background UV flux. Therefore, the need
of a strong background UV flux seems necessary for the for-
mation of massive black holes. Nevertheless, it is desirable
to extend investigation of baryonic streaming velocities to
massive halos where H2 cooling is relevant in future studies.
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